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Abstract  We  use  magnetic  thin  film  hard/non/soft-mag- 
netic  trilayer  systems  to  probe  the  nature  of  the  hard-soft 
phase  interaction  and  the  role  played  by  dipolar  fields  in  one¬ 
dimensional  ( d )  magnetic  systems.  We  have  systematically 
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investigated  six  wedge  samples  where  the  thickness  of  a  Cu 
spacer  layer  (dcu)  was  gradually  changed  to  create  a  vary¬ 
ing  interfacial  effect  on  the  interaction  between  a  CoPt  hard 
layer  and  a  Fe  soft  layer.  Magneto-optical  Kerr  effect  was 
used  to  obtain  the  magnetization  loops  at  28  points  on  each 
sample,  and  the  nucleation  field  ( H n)  as  a  function  of  tcu 
was  employed  to  characterize  the  layer  interaction  as  a  func¬ 
tion  of  ten-  HN(tcu)  show  a  RKKY  oscillatory  behavior  in 
addition  to  a  non-negligible  dipolar  contribution,  which  had 
an  exponential  dependence.  The  dipolar  term,  which  cannot 
be  always  neglected,  is  affected  by  the  interface  roughness 
and  also  by  the  CoPt  crystallinity.  Therefore,  we  cannot  al¬ 
ways  consider  exchange  coupling  to  be  the  dominant  inter¬ 
action  in  one-d  hard-soft  magnetic  bilayer  systems,  partic¬ 
ularly,  during  magnetic  reversal. 

1  Introduction 

Nanocomposite  magnets,  where  a  high  coercive  field  of  a 
hard  magnet  and  a  high  magnetization  of  a  soft  magnet  are 
combined  to  boost  the  maximum  energy  product  ((BH)max), 
represent  an  attractive  alternative  to  single-phase  magnets. 
Because  of  the  way  they  are  synthesized,  e.g.,  mechanical 
alloying,  melt  spinning,  etc.,  nanocomposite  magnets  typ¬ 
ically  are  three-dimensional  ( d )  structures.  In  constructing 
such  systems,  one  important  goal  is  to  reduce  the  antiferro¬ 
magnetic  ( AFM )  coupling  induced  by  the  dipolar  interaction 
between  the  soft  and  the  hard  phase.  When  the  dipolar  inter¬ 
action  is  negligible,  nanocomposite  magnets  can  be  consid¬ 
ered  ideal  exchanged-coupled  magnets,  where  there  is  only 
ferromagnetic  ( FM )  interaction  between  the  soft  and  hard 
phase  [1,  2]. 

C.  Rong  et  al.  have  used  three-d  micromagnetic  simula¬ 
tions  to  show  that  the  dipolar  interaction  can  play  an  impor¬ 
tant  role  during  the  demagnetization  process,  but  they  also 
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Table  1  CoPt/CuficuVFefi/A  Dep.  T  is  deposition  temperatures,  He  td  is  the  dipolar  field  decay  length.  Uncertainties  in  Hd  and  td  were 

is  the  CoPt  coercivity,  I  is  the  type  of  interaction,  D  is  the  effective  determined  by  varying  the  fit  curve  in  the  uncertainty  region  of  the 

grain  size  of  L1q  oaxis  in  plane  phase,  Hd  is  the  dipolar  field,  and  nucleation  field  and  tcu 


Sample 

CoPt  Dep.  T  (°C) 

^Fe  (A) 

He  a T) 

/ 

D{  A) 

Hd( T) 

td  (A) 

1 

615 

30 

0.13  ±0.01 

AFM 

74  ±3 

0.023  ±  0.01 

33  ±  15 

2 

615 

35 

0.50  ±0.04 

AFM 

79  ±  10 

0.058  ±0.01 

70  ±25 

3 

615 

15 

0.70  ±  0.05 

AFM 

135  ±2 

0.220  ±  0.03 

153  ±  100 

4 

620 

35 

0.80  ±0.06 

AFM 

101  ±2 

0.105  ±0.009 

103  ±  60 

5 

620 

40 

0.95  ±  0.07 

AFM 

77  ±7 

0.074  ±  0.008 

38  ±20 

6 

615 

35 

1.40  ±0.10 

FM 

148  ±5 

showed  that  it  can  be  adjusted  by  controlling  the  grain  size 
of  the  constituent  phases  [3].  This  consideration  has  been  in¬ 
corporated  to  improve  experimental  systems.  However,  re¬ 
ported  bulk  nanocomposite  magnets  exhibit  (. BH)max  val¬ 
ues  that  are  far  below  the  theoretically  predicted  ones.  This 
suggests  that  the  coupling  behavior  needs  to  be  further  im¬ 
proved.  In  order  to  achieve  better  results,  dipolar  interaction 
needs  to  be  minimized  or  eliminated. 

Traditionally,  Henkel  plots  are  used  to  determine  the 
dominant  type  of  interaction  mechanism  in  nanocompos¬ 
ite  magnets  [3].  When  a  dipolar  interaction  is  present,  this 
method  does  not  allow  one  to  distinguish  the  main  source  of 
stray  field  or  the  exact  nature  of  the  interaction,  namely  soft- 
soft,  hard-soft  or  hard-hard.  In  this  work,  we  utilize  a  dif¬ 
ferent  approach  for  analyzing  the  dipolar  interaction.  We  use 
the  nucleation  field  (H^)  from  magnetic  thin  film  trilayer 
systems  to  probe  the  nature  of  the  inter-phase  interaction, 
the  effect  of  non-magnetic  interface  impurities  on  soft-hard 
phase  coupling,  and  the  role  played  by  the  soft-hard  dipo¬ 
lar  interaction  in  one-d  systems.  We  created  wedge  samples 
by  inserting  a  non-magnetic  layer  with  a  varying  thickness 
between  soft  and  hard  magnetic  thin  film  layers.  We  use  the 
term  “sample”  to  denote  each  small  region  of  one  substrate 
in  which  the  thicknesses  of  the  non-magnetic  layer  is  ap¬ 
proximately  constant.  Simultaneous  fabrication  of  multiple 
samples  reduces  various  experimental  uncertainties,  such  as 
those  given  by  dissimilarities  in  growing  conditions.  This 
also  makes  it  easier  to  correlate  the  behavior  of  with 
the  crystalline  characteristics  of  the  hard  phase.  This  method 
provides  the  large  amount  of  information  necessary  to  delin¬ 
eate  the  subtle  variation  in  the  behavior  of  H #  as  a  function 
of  non-magnetic  layer  thickness. 

2  Experimental  method 

Six  wedge  samples  were  made  on  5  x  15  mm2  MgO(llO) 
substrates,  where  CoPt/Cu/Fe  hard-magnetic/non-magnetic/ 
soft-magnetic  trilayers  were  grown  by  electron-beam  (e- 
beam)  evaporation  [2].  The  300  A  CoPt  hard  magnetic  layer 


Fig.  1  Cross-sectional  schematic  of  a  wedge  sample.  The  arrows  point 
at  three  samples  out  of  the  28  samples  per  wedge  sample 

was  epitaxially  grown  using  a  10  A  Pt  buffer  layer  at  a  tem¬ 
perature  between  615  and  620°C  (Table  1).  The  hard  lay¬ 
ers  were  post-annealed  at  600°C  for  45  to  90  minutes  typi¬ 
cally.  Then,  the  temperature  was  gradually  reduced,  and  by 
500°C  the  heater  was  turned  off.  We  utilized  the  tempera¬ 
ture  gradients  in  the  substrate  holder  to  vary  the  crystallinity 
and  the  coercivity  of  the  hard  phases  (Table  1).  At  less  than 
150°C,  a  wedged  layer  of  Cu  was  deposited  with  thickness 
tQu  varying  between  0  and  23  A,  except  for  sample  1,  where 
0  <  fcu  <  49  A.  Subsequently,  the  Fe  soft  layers  were  di¬ 
rectly  grown  on  the  Cu  layers  with  thicknesses  fce  of  15,  30, 
or  40  A.  To  prevent  oxidization,  the  multilayers  were  capped 
by  a  75  A  thick  Au  layer  deposited  at  100°C.  Per  wedge 
sample,  there  were  28  samples  with  a  center-to-center  sepa¬ 
ration  of  approximately  0.53  mm  (see  Fig.  1).  The  uncertain¬ 
ties  in  tQu  were  estimated  as  half  of  the  difference  between 
two  consecutives  samples. 

We  have  used  X-ray  diffraction  (XRD)  to  characterize  the 
samples.  With  the  <z>-scan  mode  of  a  two-dimensional  detec¬ 
tor  XRD  machine,  we  have  obtained  the  0-20  scan  by  inte¬ 
grating  over  x  •  XRDs  were  also  obtained  with  a  four-circle 
machine,  which  was  also  used  to  get  the  XRD  patterns  com¬ 
ing  from  planes  that  are  not  perpendicular  to  the  substrate 
normal.  The  interfaces  of  our  multilayer  systems  were  in¬ 
vestigated  using  transmission  electron  microscopy  (TEM). 

The  magnetic  hysteresis  loop  for  each  value  of  tcu  was 
measured  with  a  magneto-optical  Kerr  effect  (MOKE)  sys¬ 
tem.  The  focused  spot  size  of  the  laser  on  samples  was 
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less  than  0.1  mm,  and  the  rotation  angle  sensitivity  was 
5  x  10-4  degrees,  which  allowed  us  to  detect  small  changes 
in  magnetization  as  we  scanned  the  laser  spot  from  sample 
to  sample  on  the  same  wedge  sample.  The  maximal  applied 
field  was  2  T,  more  than  sufficient  to  reach  saturation  for  the 
hard  magnetic  layer. 


3  Data  analysis  and  discussion 

3.1  XRD  and  TEM 

Figure  2  shows  a  typical  XRD  pattern.  The  deposition  of 
CoPt  on  MgO  (1 10)  by  e-beam  evaporation  typically  results 
in  a  long-range  chemical  ordering  of  the  epitaxially  grown 
Llo  phase.  The  substrate  deposition  temperature  determines 
which  of  the  three  different  Llo  phase  orientations,  one  with 
the  tetragonal  c  axis  parallel  to  the  substrate  surface  orien¬ 
tation  (hhO)  or  two  with  the  tetragonal  c  axis  inclined  at 
approximately  45°  with  respect  to  the  substrate  normal,  ori¬ 
entations  (0 hh)  and  (hOh),  will  be  predominant  [4].  As  ex¬ 
pected,  the  analysis  of  the  XRD  data  displays  the  presence 
of  the  (110)  and  (220)  peaks  corresponding  to  the  Llo  phase 
with  in-plane  c-axis,  the  (111)  peak  coming  from  a  poly¬ 
crystalline  phase  and  the  (202)  peak  corresponding  to  the 
other  two  epitaxial  orientations.  The  (110)  peak  has  a  negli¬ 
gible  contribution  from  the  poly  crystalline  phase.  Two  extra 
peaks  can  also  be  observed,  the  Au  (111)  coming  from  the 
cap  layer  and  the  MgO  (220)  coming  from  the  substrate  [5]. 

The  relative  ratio  between  Llo  phase  orientations  could 
not  be  determined  because  of  the  overlapping  of  the  (220) 
and  (202)  peaks  that  could  not  be  resolved  from  the  4-circle 
XRD  data.  Therefore,  we  characterize  the  CoPt  hard  with 
the  effective  grain  size  D  of  the  Llo  c-axis  in-plane  phase 
(Table  1).  This  is  the  orientation  with  its  magnetic  easy  axis 
along  the  substrate  plane. 

D  was  calculated  from  the  Sherrer’s  formula: 


W  cos  0 


Fig.  2  Typical  XRD  pattern.  Sample:  MgO(110)/CoPt(300  A)/ 
Cuficu)/Fe(30  A)/Au(75  A) 


Od  x  0.5  10"6/ A2  500A 


Fig.  3  TEM  cross-sectional  bright  images.  Island  density  Od  ~  (#  of 
hills/length)  [2] 


where  W  is  the  full-width-at-half-maximum  intensity  of  the 
(110)  peak  corresponding  to  the  wavelength  (koci)  of  the 
KqciCu  source  diffactometer,  and  20  is  the  peak’s  centroid. 
To  separate  the  superposition  of  the  Kqci  and  Kqc2  peaks  two 
Lorentzian  functions  were  combined  to  fit  the  (110)  peaks 
(inset  of  Fig.  2).  The  uncertainties  in  D  were  estimated  as 
half  of  the  difference  between  the  values  of  D  obtained  with 
the  two  XRD  machines. 

Figure  3  displays  the  cross-sectional  TEM  images  of 
three  wedge  samples.  They  show  island- type  growth  of  the 
CoPt  layer.  We  determined  the  square  normalized  linear 
island-peak  densities  (o^)  from  the  TEM  images. 

3.2  Hysteresis  loops 

An  ideally  coupled  hard/soft  magnet  shows  a  one-phase- 
like  magnetic  hysteresis  loop.  On  the  other  hand,  a  par¬ 
tially  coupled  magnet  would  exhibit  a  two-phase-like  hys¬ 
teresis  loop  [2].  Thus,  by  measuring  and  comparing  mag¬ 
netic  hysteresis  loops  of  samples  of  the  same  wedge  sample, 
the  coupling  behavior  can  be  systematically  studied.  From 
each  magnetization  loop,  the  nucleation  field  ( H #)  was  ex¬ 
perimentally  determined  by  the  point  on  the  curve  where 
the  drastic  change  in  the  slope  takes  place.  This  value  was 
equated  to  the  value  of  H  where  the  tangent  to  the  loop  at  the 
point  with  maximum  magnetization  intercepts  the  tangent  to 
the  loop  at  the  point  of  maximum  slope.  In  each  magnetiza¬ 
tion  loop,  we  find  an  upper  and  a  lower  value  of  H n  (inset 
of  Fig.  4(a)).  Hn  was  calculated  by  averaging  their  absolute 
values,  and  the  uncertainty  was  estimated  as  half  of  their 
difference.  H n  has  the  sign  of  the  upper  value. 

Figure  4  displays  typical  examples  of  H n  vs.  tcu  data 
points.  There  is  a  characteristic  oscillatory  behavior  of  the 
CoPt  and  Fe  layer  coupling  on  ^cu-  The  oscillatory  behav¬ 
ior  of  Hn  can  be  interpreted  from  the  Ruderman-Kittel- 
Kasuya-Yoshida  (RKKY)  model  [6],  which  explains  the  na- 


4^  Springer 


A.J.  Zambano  et  al. 


Fig.  4  Nucleation  field  (Hn)  vs.  Cu  spacer  thickness  (fcu)-  Dashed 
gray  line  is  the  fit  to  (2).  Inset :  normalized  magnetization  (M/M0) 
loop,  graphical  definition  of  H n.  (a)  D  ~  79  A,  (b)  D  ~  101  A,  and 
(c)  D  %  148  A 

ture  of  oscillatory  exchange  coupling  of  ferromagnet/non- 
magnetic  spacer/ferromagnet  systems  with  a  varying  non¬ 
magnetic  interface  spacer  thickness.  Figure  4(b)  also  shows 
that  only  5  A  of  Cu  can  change  H #  by  60%.  This  indicates 
that  a  small  amount  of  non-magnetic  impurity  at  the  inter¬ 
face  of  soft-hard  magnet  systems  can  significantly  alter  Hjy . 

The  data  shown  in  Fig.  4  are  displaced  along  the  y-axis. 
This  cannot  be  directly  explained  by  exchange  coupling  in¬ 
teraction.  To  understand  this  effect,  we  refer  to  the  descrip¬ 
tion  given  by  Marguelies  et  al.  [7].  Their  interpretation  is 
that  the  RKKY  model  can  explain  the  oscillations,  while  the 
offset  is  the  result  of  an  exponential  effect  consequence  of 
the  presence  of  a  large  dipolar  field.  This  field  comes  from  a 
columnar  granular  structure  with  nonmagnetic  grain  bound¬ 
aries  in  both  layers. 


Table  2  H0,  0,  X,  and  p  are  RKKY  model  parameters.  H0  is  repre¬ 
sentative  of  the  intensity  of  the  exchange  interaction,  0  is  related  to  the 
topology  of  the  Fermi  energy,  X  is  the  period  of  the  oscillations  (asso¬ 
ciated  to  the  Fermi  wavelength),  and  p  is  associated  with  the  planarity 
of  the  geometry  (p  =  2  for  planar  geometry)  [8].  Uncertainties  are  not 
included  because  these  parameters  are  presented  for  trend  information 
only,  and  they  are  not  crucial  for  the  conclusion  of  this  work 


Sample 

H0(  T) 

A  (A) 

0 

P 

1 

0.03 

8.00 

0.0 

0.75 

2 

0.06 

8.70 

0.0 

0.95 

3 

0.60 

10.80 

n/2 

1.80 

4 

0.17 

10.50 

n/2 

0.85 

5 

0.03 

9.00 

n/2 

0.80 

To  fit  the  data  in  Fig.  4  (dashed  curves),  we  consider  that 
Hjy  consists  of  two  terms:  RKKY-like  and  plus  an  exponen¬ 
tial  decay  offset  term,  which  represents  the  dipolar  contribu¬ 
tion. 

yj  f  „  TetcJa  sin(0  +  2ntcu/X) 

/7/VuCu)  =  Do - 

°sinh(7;fcu/«)  (27rrCuA)p 

+  Hde-tc»/,d  (2) 

where  Te  =  300  K,  the  constants  H0 ,  0,  p ,  X,  and  a  = 
4800  A  K  characterize  the  RKKY-like  interaction  [7,  8].  Hd 
is  the  dipolar  field  for  tcu  =  0  and  td  is  the  characteristic 
decay  length  of  the  dipolar  field.  The  exact  functional  form 
used  for  the  oscillating  RKKY  term  has  little  bearing  on  the 
parameters  for  the  dipolar  term,  although  fits  are  done  only 
for  tcu  >  1  Cu  monolayer,  in  order  to  avoid  sensitivity  to  the 
actual  form  of  the  RKKY  term.  Tables  1  and  2  list  the  fitting 
parameters. 

For  positive  values  of  Hjy,  the  strong  dipolar  inter¬ 
action  favors  the  antiparalell  alignment  of  the  hard-soft 
phases  (AFM  coupling)  (Fig.  4(a)  and  (b)).  For  negative 
Hyj,  a  much  weaker  dipolar  interaction  favors  the  parallel 
alignment  of  the  magnetic  moments  between  the  hard-soft 
phases  ( FM  coupling)  (Fig.  4(c)).  When  Hjy  <  0  there  is  a 
strong  F  interaction  arising  from  the  hard-phase  pinning  ef¬ 
fect  and  the  hard  layer  controls  the  reversal  in  this  instance 
and  the  systems  cannot  be  modeled  by  the  regular  RKKY 
theory. 

3.3  Dipolar  field 

The  combination  of  TEM  data  and  the  resulting  fits  show, 
as  one  may  have  expected,  that  Hd  scales  with  (Fig.  5). 
Figure  6  suggests  that  there  might  also  exist  a  correspon¬ 
dence  between  Hd  and  D.  The  dipolar  interaction  increases 
for  increasing  D  up  to  a  certain  maximum  and  then  it  re¬ 
duces  to  ~0.  These  experimental  observations  are  in  agree¬ 
ment  with  a  simple  classic  electromagnetic  picture,  in  which 
the  dipolar  field  generated  by  an  individual  grain  depends  on 
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Fig.  5  Dipolar  field  (Hd)  vs.  island  density  (&d)-  &d  uncertainties 
were  calculated  by  propagation 


Fig.  6  Experimental  data:  dipolar  field  (Hd)  vs.  effective  grain  size  of 
Llo  phase  with  c-axis  in  plane  ( D ) 

the  grain  size  due  to  the  relative  orientation  of  the  magnetic 
poles  located  on  the  grain  boundary.  The  fact  that  D< ^  typi¬ 
cal  island  size  ~1000  A  (which  determines  aj)  would  indi¬ 
cate  that  the  magnetic  poles  localized  in  the  grain  boundaries 
could  also  be  a  source  of  dipolar  field.  This  grain  boundary 
effect  would  add  up  to  the  aj  effect  to  produce  the  total  Hd . 

High-resolution  TEM  images  (not  shown)  have  verified 
that  the  Fe  layers  were  polycrystalline,  suggesting  that  the 
hard  phase  was  the  main  source  of  possible  dipolar  field.  The 
polycrystalline  soft  phase  does  not  contribute  to  the  dipo¬ 
lar  field  because  of  its  random  magnetic  easy-axis  orienta¬ 
tion  (magnetic  poles  average  out).  On  the  contrary,  it  could 
contribute  to  separate  grains  as  the  nonmagnetic  boundaries 
do  [7]. 

Experimentally  and  theoretically,  it  is  generally  assumed 
that  the  effect  of  the  dipolar  field  is  negligible  in  one- d  sys¬ 
tems  [1,  2,  9].  In  addition,  traditional  one-d  models  assume 
that  the  interlayer  interaction  only  depends  on  the  dimen¬ 
sions  of  the  soft  phase.  Contrary  to  this,  the  present  work 
shows  that  dipolar  interaction  cannot  only  be  present  in  one- 
d  systems  but  can  also  strongly  depend  on  the  hard  layer 
features. 

In  three-d  nanocomposite  magnets,  especially  in  those 
systems  made  by  compressed  nanoparticles,  we  could  ex¬ 
pect  to  find  polycrystalline  regions  or  nonmagnetic  grain 
boundaries,  e.g.,  impurities.  This  would  give  rise  to  a  large 


dipolar  field  favoring  the  antiparallel  alignment  of  the  hard- 
soft  phases.  Independently  of  the  hard-phase  material,  the 
way  to  reduce  this  effect  is  by  increasing  the  hard-phase 
effective  grain  size  and  reducing  the  non-magnetic  grain 
boundary  and  non-magnetic  regions  between  hard  and  soft 
phases. 


4  Conclusion 

In  summary,  we  have  systematically  investigated  thickness 
gradient  effects  of  a  Cu  interface  layer  on  the  interaction  be¬ 
tween  a  CoPt  hard  magnetic,  grown  at  615  and  620°C,  and 
a  Fe  soft  layer.  We  have  observed  a  RKKY-oscillatory  be¬ 
havior  of  Hn  vs.  tcu  with  decreasing  amplitude  in  addition 
to  an  exponential  decay.  The  latter  is  a  consequence  of  the 
presence  of  the  dipolar  interaction  in  nanocomposite  mag¬ 
nets.  We  also  found  that  a  small  amount  of  non-magnetic 
impurity  (~5  A  in  thickness),  at  the  interface  of  soft-hard 
magnet  systems,  can  significantly  alter  H #  (by  as  much 
as  60%).  A  correlation  between  the  effective  grain  size  of 
the  CoPt  Llo  phase  with  the  tetragonal  c-axis  in  plane  and 
the  dipolar  interaction  was  observed.  This  suggests  that  be¬ 
sides  the  interface  roughness,  another  factor  that  might  de¬ 
termine  the  dipolar  interaction  is  the  effective  grain  size  and 
non-magnetic  or  polycrystalline  grain  boundary  of  the  hard 
phase.  (Only  for  hard  phases  with  large  or  very  small  grain 
sizes,  dipolar  interaction  is  negligible.)  Therefore,  to  reduce 
dipolar  effects  in  nanocomposite  magnets,  the  hard-phase 
effective  grain  size  must  be  increased,  and  the  roughness 
as  well  as  the  volume  of  the  non-magnetic  regions  between 
hard  and  soft  phases  must  be  minimized. 
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